Amino acid sequences of plant virus proteins mediating cell-to-cell movement were compared to each other and to protein sequences in databases. Two families of movement proteins have been identified, the members of which show statistically significant sequence similarity. The first, larger family (I) encompasses the movement proteins of tobamo-, tobra-, caulimo-and comoviruses, apple chlorotic leaf spot virus (ACLSV) and geminiviruses with bipartite genomes. Thus this family includes viruses which move by two methods, those requiring the coat protein for the cell-to-cell spread (comoviruses) and those not having this requirement (tobamoviruses). The previously unsuspected relationship between the movement proteins of RNA and DNA viruses having no RNA stage in their life cycle (geminiviruses) suggested that their movement mechanisms might be similar. The second, smaller family (II) consists of the movement proteins of tricornaviruses (bromoviruses, cucumoviruses, alfalfa mosaic virus and tobacco streak virus) and dianthoviruses. Alignment of the sequences of family I movement proteins highlighted two motifs, centred at conserved Gly and Asp residues, respectively, which are assumed to be crucial for the movement protein function(s). Screening the amino acid sequence database revealed another conserved motif that is shared by a large subset of family I movement proteins (those of caulimo-and comoviruses, and ACLSV) and the family of cellular 90K heat shock proteins (HSP90). Based on the analogy to HSP90, it is speculated that many plant virus movement proteins may mediate virus transport in a chaperone-like manner.
Introduction
A growing body of evidence indicates that cell-to-cell spread of virus within the infected plant is mediated by specific virus-encoded proteins (reviewed by Hull, 1989; Atabekov & Taliansky, 1990; . The best studied example is the 30K protein of tobacco mosaic virus (TMV), the participation of which in virus movement has been suggested by several types of experiments.
(i) TMV mutants Ni2519 and Lsl, bearing mutations in the 30K gene (Zimmern & Hunter, 1983; Meshi et al., 1987) , display temperature-sensitive (ts) cell-to-cell movement, but can be rescued by a wild-type helper which apparently provides a product acting in trans (Taliansky et al., 1982; Malyshenko et al., 1989) .
(ii) Transgenic plants expressing the 30K protein have been shown to complement movement-defective TMV mutants at non-permissive temperatures (Deom et al., 1987) . ( infected cells, and more specifically within the plasmodesmata (Tomenius et al., 1987; Moser et al., 1988) . Moreover, an increased size exclusion limit of plasmodesmata has been revealed in transgenic plants expressing the 30K protein (Wolf et al., 1989) . These observations appear to constitute conclusive evidence for the involvement of the 30K protein in virus movement.
In other plant virus systems the evidence for transport function is less solid. Nevertheless, by the inoculation of plant cells with subsets of genome segments of multicomponent viruses, artificial mutagenesis of individual genes and complementation of movement by distantly related viruses, the movement function has been assigned to specific gene products of tricornaviruses (Allison et al., 1989) , calulimoviruses (Stratford & Covey, 1989) , comoviruses (Wellink & van Kammen, 1989) , hordeiviruses (Petty & Jackson, 1990 ) and bipartite geminiviruses (Davies & Stanley, 1989) . The complementation experiments seem particularly revealing, demonstrating that there is probably much in common in the movement mechanisms of distantly related viruses (Taliansky et al., 1982; Malyshenko et al., 1989) .
Recently, it has been demonstrated that the 30K protein of TMV and the putative caulimovirus move-0001-0341 © 1991 SGM E. V. Koonin and others ment protein bind ssRNA and ssDNA (Citovsky et al., 1990 . proposed that single-stranded nucleic acid binding might be a common property of plant virus movement proteins which is indispensable for their function.
Considerable effort has been put into comparing amino acid sequences of (putative) movement proteins of plant viruses. Most of this work started with the sequence of the best studied movement protein, the 30K protein of TMV. Various degrees of similarity between the 30K protein and the putative movement proteins of tobraviruses (Boccara et al., 1986) , comoviruses and nepoviruses (Meyer et al., 1986) , and unexpectedly caulimoviruses (Hull et al., 1986; Hasegawa et al., 1989) , have been reported. Attempts have also been made, with somewhat conflicting results, to establish relationships between the putative movement proteins of bromo-, cucumo-, ilar-and dianthoviruses (Savitry & Murthy, 1983; Xiong & Lommel, 1989; Allison et al., 1989) . Several observations have been reported on apparent sequence similarities between virus movement proteins and various cellular proteins (Zimmern, 1983; Hull et al., 1986; Martinez-Izquierdo et al., 1987) . It is not easy to assess the actual value of most of these observations because (i) comparisons usually were made using only one representative sequence of the movement proteins of a virus group (e.g. tobamoviruses) and/or a cellular protein family, and (ii) in many cases only very short segments were aligned.
Recently, Melcher (1990) published a more thorough computer-assisted analysis of the sequences of tobamo-, tobra-, caulimo-and tricornavirus movement proteins, confirming a significant similarity between the proteins of the first three groups, and a much more remote relationship between them and the tricornaviruses. However, putative conserved motifs that might be helpful in further analysis of virus movement proteins and their tentative cellular homologues have not been clearly defined. We sought to extend this analysis by systematically comparing the sequences of the vast majority of plant virus proteins implicated in cell-to-cell movement, and by screening amino acid sequence databases for their possible cellular homologues. Our analysis highlighted an unexpected relationship between a large collection of plant virus movement proteins and the family of ubiquitous cellular 90K heat shock proteins (HSP90), which possess molecular chaperone activity, i.e. they are involved in intracellular protein trafficking (Welch, 1990) . The possibility of a similar activity for the virus movement proteins is discussed.
Methods
Amino acid sequences. The amino acid sequences of the (putative) movement proteins of the following viruses were analysed. Tobamoviruses: TMV, TMV strain Om (TMVOm), TMV tomato strain (TMVTo), TMV cowpea strain (TMVCo) and cucumber green mottle mosaic virus (CGMMV). Tobraviruses: pea early browning virus (PEBV) and tobacco rattle virus strain SY (TRV). Geminiviruses: tomato golden mosaic virus (TGMV), bean golden mosaic virus (BGMV) and cassava latent virus (CLV). Caulimoviruses: cauliflower mosaic virus strains D/H, Strasbourg and CM1841 (CaMVD, -S and -C), figwort mosaic virus (FMV), carnation etched ring virus (CERV) and soybean chlorotic mottle virus (SCMV). Comoviruses: red clover mottle virus (RCMV) and cowpea mosaic virus (CPMV). Cucomovirus: cucumber mosaic virus (CMV). Apple chlorotic leaf spot virus (ACLSV; referred to as a clostero virus, but at present included in capilloviruses) and beet yellows closterovirus (BYV). Bromoviruses: cowpea chlorotic mottle virus (CCMV), broad bean mosaic virus (BBMV) and brome mosaic virus (BMV). Ilarviruses: tobacco streak virus (TSV) and alfalfa mosaic virus (AIMV). Dianthoviruses: red clover necrotic mosaic virus (RCNMV). Nepoviruses: tobacco black ring virus (TBRV) and Hungarian grapevine chrome mosaic virus (GCMV). The sequences were from the SWISSPROT database (Release 14), except for those of ACLSV (German et al., 1990) and BYV (Agranovsky et al., 1991a) .
Computer-assisted sequence analysis. Initial pairwise comparison of the sequences was by the DOTHELIX program, generating a diagonal plot and allowing precise delineation of sequence segments displaying similarity with the highest deviation from the random expectation (Leontovich et al., 1990) . Sequence database screening was by the SMART program, implementing a simplified version of the DOTHELIX algorithm for comparison of a given 'probe' sequence with all sequences in the database. Programs DOTHELIX and SMART are modules of the GENEBEE program package for biopolymer sequence analysis (Brodsky et al., 1991) . To determine the boundaries of the segments to be aligned, which is critical for obtaining the optimal alignment, the results of DOTHELIX comparisons were used. Multiple sequence alignments were generated in a stepwise manner using the OPTAL program (Gorbalenya et al., 1989) . The statistical evaluation of alignment by OPTAL includes calculation of two values: distance, D = -ln[(S ° -Sr)/(S m -Sr)] x 100 (Feng et al., 1985) and the adjusted alignment score, AS = (S ° -Sr/a), where S ° is the observed alignment score, S r is the mean score obtained upon 25 random simulations of the alignment procedure, S m is the average of the scores obtained upon comparison of each of the two compared sequences (alignments) with itself, and cr is the standard deviation of the score. Generally, D values of less than 200 and AS values of more than 7 standard deviations (S.D.) can be considered a firm indication of a genuine relationship between two sequences or alignments; values of 200 to 270 and 4 to 7 S.D. can be considered significant, provided there is some additional (i.e. functional) evidence of the suspected relationship (Doolittle, 1986; and unpublished observations) . Throughout this study the log odds matrix of Dayhoff (Dayhoffet al., 1983) was used for calculation of sequence comparison scores. Protein secondary structure predictions were by the PROTEIN2 program of the GENEBEE package implementing the modified algorithm of Gamier (Gibrat et al. 1987) .
Results and Discussion

Grouping of plant virus movement proteins by sequence similarity
Our first approach was to generate local similarity plots for pairs of (putative) movement proteins encoded by viruses of different groups to delineate similar regions and to establish the approximate hierarchy of relation- conservation of distinct motifs (discussed below), this suggests that each of these groups belongs to family I and are therefore related to each other. Family II is composed of the putative movement proteins of tricornaviruses (32K to 33K products of RNA 3) and dianthoviruses (35K product of RNA 2), yielding a statistically significant alignment (6.6 S.D.) on a 200 residue span (Fig. 2) . Interestingly, the proteins of the two subdivisions of tricornaviruses (bromo-/cucumoviruses and A1MV/ilarviruses) were no more similar to each other than to the dianthovirus protein.
Our attempts to produce an overall alignment of the movement proteins belonging to families I and II were not convincing, yielding alignment scores insufficient to prove that the two families are actually related to each other (< 3 S.D.). One more group of plant virus proteins more or less definitely associated with cell-to-cell movement included those of nepoviruses (Meyer et al., 1986). We were unable to produce statistically significant alignments between the sequences of nepovirus proteins and any of those included in families I or II.
Search for cellular proteins related to the plant virus movement proteins
Representative sequences of each group of plant virus movement proteins were compared with all sequences in the SWlSSPROT amino acid sequence database 
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Conserved motifs in virus movement proteins
Inspection of the alignment of family I movement proteins revealed at least two short, closely spaced segments which should be considered conserved motifs ( Fig. 1 and 4) . In tobamo-and tobravirus proteins these motifs were located inside the most conserved N-terminal region I described by Saito et al. (1988) . The N-proximal 'G' motif included a Gly residue that is conserved in the vast majority of the sequences of the family, although it is replaced by Asp in geminivirus proteins. The flanking regions in all proteins are significantly enriched in hydrophobic residues. The distal 'D' motif included the Asp residue, which is the only invariant residue in the entire alignment; this residue is flanked by a hydrophobic segment to the N-terminal side and is separated by one residue from a highly conserved Arg to the C-terminal side. Despite our inability to demonstrate any overall similarity between the two families of movement proteins, one of the conserved sequence segments of family II resembled the 'D' motif ( Fig. 2) , also noted by Melcher (1990) .
Several mutants of TMV which exhibit the ts movement phenotype (Zimmern & Hunter, 1983; Meshi et al., 1987) , or overcome the virus spread block in a tomato Tm2 line (Meshi et al., 1989) , have been characterized. The mutations responsible for these phenotypes have been mapped to the conserved domain but fall outside the motifs delineated above. This is compatible with the apparent modulatory effect of these mutations on 30K protein activity.
Inspection of the alignment of the amino acid sequences of HSP90 with caulimovirus and nepovirus movement proteins and the 64K protein of BYV (Fig. 3 ) highlighted another motif with the sequence LPL (hereafter LPL motif). Secondary structure predictions for HSP90 and the movement proteins yielded similar patterns, with a clear preponderance of s-helices and a loop around the LPL motif (not shown). When HSP90 sequences were compared with the aligned sequences of the movement proteins of tobamo-, tobra-, caulimo-and comoviruses, and ACLSV, in boundaries slightly different from those in Fig. 3 , an alignment of reasonable statistical significance (about 5 S.D.) was produced. It became clear that modified forms of the LPL motif are present in the putative movement proteins of comoviruses and ACLSV, and degenerate counterparts of this motif could be tentatively identified in the tobamovirus and tobravirus sequences (Fig. 4) . Thus the degree of conservation of different motifs varies in virus movement proteins and HSP90; the LPL motif is most prominent in HSP90 and caulimovirus proteins, whereas 'G' and 'D' motifs are best conserved aong tobamo-, tobra-and caulimovirus proteins (Fig. 4) . Notably, caulimovirus movement proteins combine all three motifs in their non-degenerate forms.
The conserved domains delimited above occupy somewhat different locations in the virus movement proteins (Fig. 5) . In relatively small 22K to 38K proteins (gemini-, tobamo-, tobra-, caulimo-, tricorna-and dianthoviruses) these domains reside in N-terminal regions, with variable C-terminal extensions. Larger 48K to 64K proteins (comoviruses, nepoviruses, ACLSV and BYV) have both N-and C-terminal extensions.
Functional implications of the alignment of movement proteins
Recently, two types of plant virus movement, represented by tobamoviruses and comoviruses, were postulated. They differ primarily in that virus capsid proteins are required for the second, but not for the first type (Wellink & van Kammen, 1989; van Lent et al., 1990) . By demonstrating that the movement proteins of tobamoviruses and comoviruses both belong to family I we have shown that, despite this important distinction, the mechanism of movement protein action may be similar.
Binding of ssRNAs and ssDNAs by the movement proteins of TMV and CaMV has recently been demonstrated (Citovsky et al., 1990 . Interestingly, the CaMV protein showed a strong preference for RNA . Thus in both positive-strand RNA viruses and caulimoviruses, which replicate by reverse transcription of the complete RNA transcript of the viral genome, virus spread may occur in the RNA [ribonucleoprotein (RNP)] form . This is compatible with the significant sequence similarity between the movement proteins of caulimoviruses and several groups of positive-strand RNA viruses revealed in this and previous studies. The relationship identified between the movement proteins of RNA viruses, caulimoviruses and geminiviruses suggests that geminivirus proteins may bind ssDNA, and that the mechanism of movement occurring in the form of ssRNA and ssDNA may have much in common.
We have searched the sequences of the movement proteins for known nucleic acid-binding motifs and compared them to the sequences of single-stranded nucleic acid-binding proteins. This analysis failed to reveal any convincing similarity. This may be not very surprising because, for example, the bacterial and phage ssDNA-binding proteins themselves show poor sequence conservation (Prasad & Chiu, 1987) .
Initial deletion mutagenesis analysis of the TMV 30K protein appeared to localize the RNA-binding site to an approximately 30 amino acid residue segment of this protein around the 'G' motif (Citovsky et al., 1990 ). However, recent detailed studies revealed a more complex situation, indicating that this site is probably formed by two non-contiguous regions of the polypeptide. Deletion of short segments encompassing either the 'G' or 'D' motif did not abolish RNA binding (V. Citovsky, personal communication) . Thus, it is unlikely that any of these motifs is the primary determinant of RNA (DNA) binding by the movement proteins, although their importance for the specificity of this binding cannot be excluded. Alternatively, one or both of these motifs might be involved in some quite different activity of the movement proteins.
The structural similarity between some of the plant virus movement proteins and HSP90 might imply a functional analogy. Although the functions of HSP90 are relatively poorly understood, they are believed to facilitate intracellular transport of steroid hormone receptors (Kost et al., 1989) and retroviral tyrosine protein kinases (Ziemecky et al., 1986) . Association of HSP90 with actin (Koyatsu et al., 1986) and tubulin (Sanchez et al., 1988) cytoskeletal frameworks may also indicate that they are involved in intracellular protein sorting. Thus, it seems likely that HSP90, similarly to the. more thoroughly studied HSP70, possesses molecular chaperone activity. Along with intracellular protein sorting and transport, molecular chaperones mediate cotranslational protein folding (Rothman, 1989; Beckman et al., 1990 ) and assembly of multimeric proteins (Pelham, 1990) . They have also been found in association with various RNPs (Welch, 1990) . Plant virus movement is a complex process and may require any, or all, of these activities. Obviously, movement includes not only the passage of virus in the form of virions or other R(D)NPs through the plasmodesmata, but also their intracellular routing from the site of assembly to the plasmodesmata. Both stages are plausible targets for chaperone activity. One attractive possibility is that virus-encoded chaperones might be involved in promoting assembly of specific virus R(D)NPs, or of some virus-induced intraceUular structures (e.g. unusual cytoskeletal and/or membrane complexes). Various structures of this type have been described in many virus-plant systems, e.g. in caulimovirus-infected turnip cells (Linstead et al., 1988) . Recently, tubular structures have been observed in comovirus-infected cells and their specific association with the 48/58K putative movement protein has been demonstrated (van Lent et al., 1990) . The chaperones might also mediate disassembly of the complex structure of the native plasmodesmata. Obliteration of plasmodesmata fine structure upon virus infection has been highlighted in several reports (Kitajima & Lauritis, 1969; Weintraub et al., 1976) . Functional modification of plasmodesmata, i.e. an increase in their size exclusion limit, has been documented in TMV-infected cells (Wolf et al., 1989) .
The relationship of the present results to those of previous comparisons
Attempts to establish relationships between the sequences of movement proteins of various viruses have been quite numerous. The present results differ from those reported in many studies in which only short sequence segments were aligned. On the other hand, the alignment of tobamo-, tobra-and caulimovirus proteins is compatible with the alignment published by Melcher (1990) . The latter alignment, however, failed to highlight the conservation of the 'G' motif in caulimovirus sequences. We failed to confirm the statistical significance of the alignment of tricornavirus movement proteins with those of tobamo-, tobra-and/or caulimoviruses, despite extensive efforts to align these sequences either in the boundaries indicated by Melcher or with various shifts.
Although we have confirmed the relationship between the sequences of the putative movement proteins of ACLSV and caulimoviruses reported previously (German et al., 1990) , our alignment is different. The divergences probably should be attributed to the fact that neither Melcher (1990) nor German et al. (1990) attempted to delineate similar sequence segments by local similarity searches prior to generation of the alignment. Rather, these investigators attempted to align complete protein sequences, a procedure that leads quite frequently to erratic alignments.
We were unable to confirm claims of similarities between proteins of some virus groups, in particular the N-terminal domains of the potyvirus polyproteins (Domier et al., 1987) , and the proteins discussed here. Zimmern (1983) noticed a degree of similarity between the 'G' motif and the surrounding sequences of tobamovirus 30K proteins and the sequence of the 'LAGLI-DADG' box conserved in yeast mitochondrial intronencoded proteins, the maturases. We failed to confirm the significance of this observation in statistical terms using aligned maturase sequences (E. Koonin, unpublished observations) and those of various groups of virus movement proteins, in accord with the recent analysis by Melcher (t990) . However, because the maturases mediate splicing by facilitating proper RNA folding (Burke, 1988) , the similarity described by Zimmern may reflect a common structural feature.
Concluding remarks
The above sequence comparisons suggest that caulimovirus movement proteins are relatively closely related both to HSP90 and to proteins of several virus groups. The observed pattern of sequence relationships might be indicative of 'star' evolution, with the caulimovirus movement proteins most closely resembling the hypothetical common ancestor constituting the centre of evolutionary radiation. It is tempting to speculate that this common ancestor could be a captured cellular HSP90-related gene.
Of special interest is the unique gene organization in BYV. One of the putative proteins encoded by this virus genome displays highly significant sequence similarity with the HSP70 family (Agranovsky et al., 1991 b) . Thus, as suggested by the present observations, the BYV genome may encode two HSP homologues in tandem, and it seems plausible to speculate that they may act in a concerted manner in virus intra-and/or intercellular movement. The HSP90-related movement proteins of other viruses may function in conjunction with cellular HSP70s. Concerted action by cellular HSP70 and HSP90 has been postulated recently for regulation of steroid hormone receptor activity (Kost et al., 1989) .
Comparison of the two groups of movement proteins identified here to the classification suggested by Atabekov & Taliansky (1990) shows that our family I differs substantially owing to the addition of geminiviruses and ACLSV, and the lack of poty-and nepoviruses; families II are identical. Further, we did not include in our comparisons a set of three proteins from potex-, carla-, hordei-and furoviruses proposed to be involved in virus cell-to-cell movement (Morozov et al., 1989; Petty & Jackson, 1990; Beck et al., 1991) because none of these proteins contains detectable sequence homology to family I or II movement proteins. This fact may be indicative of the differences in the mechanism of movement of the triple gene block-containing and other plant viruses.
There is increasing evidence that movement of many plant viruses may be affected by certain domains of proteins having other functions in virus multiplication, e.g. the capsid proteins of comoviruses (Wellink & van Kammen, 1989) , bromoviruses (Sacher & Ahlquist, 1989; Allison et al., 1990) and monopartite geminiviruses (Lazarowitz et al., 1989) , and the bromovirus RNA polymerase (Traynor et aL, 1991) . Inspection of the amino acid sequences of these domains did not reveal obvious counterparts to the motifs conserved in the movement proteins. However, detailed analyses of these sequences were not undertaken.
As with any results of computer-assisted comparisons, much caution must be exerted in the functional interpretation of the relationships between plant virus movement proteins. This should be stressed in view of the fact that some of the alignments reported here were of moderate statistical significance. Direct extrapolation of the observations made for one protein (the 30K protein of TMV) to other proteins with distantly related sequences can hardly be encouraged. Nevertheless, it is our hope that the findings presented here will be helpful in designing experiments to characterize movement proteins biochemically.
